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ABSTRACT

UK licence requirements for operation of nuclear power plants is dependent, inter alia,
upon the licensee making and implementing adequate arrangements for the regular and
systematic examination, inspection, maintenance and testing of all plant which may affect
safety (Licence Condition 28). Similarly, the US NRC's Maintenance Rule (published in
10CFR50.65) specifies that a maintenance programme should be developed for plant
systems, structures and components determined to be sensitive to ageing which will be
used for the balance of the current (and, if relevant, extended) operating licence period.

Against this background, the plant operators are seeking to minimise operating and
maintenance costs and to enhance plant availability. This leads to a need to optimise the
plant inspection and monitoring regimes whilst meeting regulatory requirements.

In this paper, a conceptual framework for classifying civil structures and significant ageing
mechanisms is described. This provides a systematic approach to making quantitative
assessments of the likelihood and significance of potential degradation mechanisms and
forms a consistent framework and a logical basis for prioritising inspection and
maintenance schedules.

The proposed method is analogous to a fault tree assessment, in which the likelihood of
degradation due to a specific mechanism is considered as an event. The structures are
considered in terms of their subcomponents. For each subcomponent, the value assigned to
the likelihood of degradation is progressively reduced by a sequence of factors which
make allowance for the structural and safety significance of any degradation and for the
potentialfor timely detection of any degradation. Illustrative values for these factors are
quoted in the text; it is recommended that these values are reviewed following a trial
application of the method.
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1. INTRODUCTION

UK licence requirements for operation of nuclear power plants is dependent, inter alia,
upon the licensee making and implementing adequate arrangements for the regular and
systematic examination, inspection, maintenance and testing of all plant which may affect
safety (Licence Condition 28). Similarly, the US NRC's Maintenance Rule (published in
10CFR50.65) specifies that a maintenance programme should be developed for plant
systems, structures and components determined to be sensitive to ageing which will be
used for the balance of the current (and, if relevant, extended) operating licence period.

Against this background, the plant operators are seeking to minimise operating and
maintenance costs and to enhance plant availability. This leads to a need to optimise the
plant inspection and monitoring regimes whilst meeting regulatory requirements.

In this paper, a conceptual framework for classifying structures and significant ageing
mechanisms is described. This provides a systematic approach to making quantitative
assessments of the likelihood and significance of potential degradation mechanisms and
forms a consistent framework and a logical basis for prioritising inspection and
maintenance schedules. The method formed part of studies funded by the UK's Health and
Safety Executive relating to development of assessment methods for aged concrete
structures.

A method for classifying all safety related concrete structures in typical US nuclear plant
was developed by Hookham (1991) as part of the ORNL's Structural Ageing Program
(managed on behalf of the US NRC). This work significantly contributed to the
philosophy and general approach to classification embodied in the strategy described in
this paper. In particular, the method seeks to:

• relate sub-elements to overall importance of the structure
• assess the safety significance of the structure as a whole
• include the influence of applied environment
• assess the likelihood, and end result of, degradation

It was considered that Hookham's work could be usefully extended to clearly differentiate
between likelihood of degradation, significance and mitigating factors (detection and
repair). This involved the development of novel techniques for combining the various
degradation and significance parameters, and led to the classification method proposed
here. The techniques developed are intended to be applicable to all civil structures in a
nuclear plant.



2. METHOD

2.1 Overview

This section provides an overview of the classification method (Figure 1). Details of the
method are provided in subsequent sections.

Classification of structures and components involves:

1) Prescreening of all plant to identify safety related structures systems and
component at risk from ageing effects.

2) For each structure identified in (1):

Identification of sub-elements: these may be differing materials, structural
components (beams, columns, etc), or regions of specific safety significance
(eg anchorage and bearing zones, corbels, liner anchorages, etc).

3) For each sub-element identified in (2) and each potential degradation
mechanism:

a) Assess the likelihood of the degradation (0 < F,,ge < 100)
b) Assess the significance of degradation (0.1 < FJig < 1)
c) Assess the likelihood of detection (0.5 < Fdel < 1)
d) Assess any other mitigating factors (0.8 < Fmil < 1)

4) Collate assessments to rank sub-elements and identify key structures/mechanisms.

The sequence of assessments is deliberate - if there is no likelihood of a particular
degradation mechanism, no further assessment is required. Similarly, it may be sufficient
to demonstrate a particular mechanisms has no significance.

The proposed method is analogous to a fault tree assessment, in which the likelihood of
degradation due to a specific mechanism is considered as an event (Figure 2). The
structures are considered in terms of their subcomponents. For each subcomponent, the
value assigned to the likelihood of degradation is progressively reduced by a sequence of
factors which make allowance for the structural and safety significance of any degradation
and for the potential for timely detection of any degradation. Illustrative values for these
factors are quoted in the text; it is recommended that these values are reviewed following
a trial application of the method.

2.2 Prescreening

Prescreening is carried out to reduce the number of structures and components which need
to be considered in detail. Any screening should be based on considerations of safety
significance and likelihood of degradation. This may be usefully supplemented by a



programme of walkdowns/visual inspection. The extent to which information on the
design, construction, operation and maintenance of the facility can be readily obtained will
influence prescreening (and the subsequent detailed assessment).

It is expected that those structures, systems or components which will be included in the
classification will include any which make a significant contribution to ensuring nuclear
safety.

Consideration is given to identifying sub-elements of the structures, on which the
classification will be based. These may be defined on material, structural and safety
considerations:

Materials: In the case of a containment this includes concrete, steel liner, and
prestressing. Each of these materials would be treated as a sub-element.
'Reinforced concrete' may be considered as a single material.

Structural Structural components, for instance beams, floor slabs, foundations, are
function: treated as distinct sub-elements.

Safety Within a large structure there may be regions of particular safety, rather
function: than structural, significance. Examples might be fixings for safety related

attachments.

2.3 Liklihood of Degradation

For every sub-element, an estimate is made of the likelihood of possible degradation
mechanisms. A ranking between 0 and 100 is made (see below). If a particular mechanism
is not relevant to the sub-element being considered a value of '0' is applied (and no further
assessment is required). At the other extreme, known degradation results in the maximum
value of 100 (this will be reduced by subsequent factors).

The likelihood of degradation for a particular structure may be considered as a function of
both the material and its environment. Typical examples of each may be:

Material

Cement type
Aggregate type/grading
Water/cement ratio
Compaction
Cover
Curing

Environment

Temperature and humidity
Atmospheric composition
Chemical environment
Biological environment
Radiological environment
Loading

In developing a ranking value for ' likelihood of degradation' it is convenient to initially
consider material characteristics and environment aspects separately.



A value between 1 and 5 is estimated, representing a material or environment with low
and high potential for degradation respectively. The combined value is obtained using the
following matrix:

Environment

Material 1 2 3 4 5

Low risk l 1 The matrix is symmetric
2 2 3

Medium risk 3 3 4 5
4 4 5 6 7 Degradation highly improbable: 0

High risk 5 5 6 7 8 9 Degradation evident: 10

The values in the matrix were deliberately chosen to avoid skew distributions resulting
from a simple multiplication of the effects. The quantification of 'low, medium and high'
risk is left to the judgement of the responsible engineer to enable site specific details to be
taken into account. The value from the matrix is multiplied by 10, to give a percentage.

Synergies between mechanisms should also be noted and taken account of. It may be
appropriate to consider strongly correlated degradation mechanisms as a single, combined,
entity. For example, carbonation and chloride attack may be combined to consider
reinforcement corrosion.

2.4 Significance of Degradation

The factor for significance considers the consequence of undetected degradation.
Significance is considered in terms of three key factors:

• effect of degradation on sub-element performance
• effect of a degraded sub-element on structural stability
• the safety functions which have to be performed

These factors are inter-related, and the overall value is the product of individual ratings.

The consequence of degradation on sub-element behaviour may be generalised, with
relative weights associated with each. Thse weights range from 0.7 for localised
weakening through to 1.0 for loss of monolithic behaviour.

The consequence of component failure on the structure's performance requires an
understanding of how structural sub-elements are incorporated into the overall system.
This becomes a study of the stability of structures and their susceptibility to overall
collapse.

The weights for consequence of sub-element degradation and its implication for the whole
structure are multiplied to give a vnet effect1, which lies in the range 0.5 - 1 as shown in
the matrix below (based on Hookham, 1991):
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The safety significance of the sub-element is used to weight the net effect', and to
produce an overall value for 'significance'. The influence of this factor in component
classification is emphasised by defining its range to lie between 0.1 and 1.0.

Safety significance values should be determined for each sub-element. In general, this
factor will be applicable to the majority of sub-elements within a single structure, and will
relate to the structure's safety classification.

Typical safety functions for structures in nuclear power plant, quoted in IAEA Safety
Guide 50 (1979), are:

Prevention of uncontrolled release of radiation to the environment
Radiation attenuation and shielding
Containment functions (for coolant, etc)
Structural support for nuclear systems or internal equipment/components
Structural support for back-up' safety related systems
Structural support for ultimate heat sink' equipment and components
Support for new or spent fuel assemblies or other pond loads
Protection of 'active' safety systems and components
Separation or communication functions

In IAEA Safety Guide 50 (1979), ranking of the importance of the safety function is based
on:

1) the consequence of failure of that function
2) the probability that the safety function would be required
3) the probability that the safety function would not be accomplished when required.



The product of these three factors must be acceptably low. Detailed definitions of the
safety classes are provided in the IAEA safety guide; the concept is re-iterated by
Hookham (1991) in his suggested weightings for safety significance, in which he considers
both number and class of safety functions to be performed by a sub-element:

0.1 A factor of zero implies no safety significance, and will results in a zero value overall. A
suitably low value (0.1) is suggested to accommodate any non-safety related structures in
the classification.

0.4 Single safety function. Typical sub-elements may provide environmental protection,
structural support or shielding function for a confined area or specific safety related plant
component.

0.8 At least three simultaneous safety functions during plant operation. Typical sub-elements
may perform primary containment functions or support shutdown components. They are
critical to safe plant operation.

1.0 At least four simultaneous safety functions during plant operation and/or critical to safe
plant operation under normal and emergency conditions. The containment is an example.

3. DETECTION OF DEGRADATION

The detection of active degradation reduces its significance as this provides opportunity for
mitigative action, in the form of either remedial treatment or increased inspection. Factors
which are considered to be of relevance are the ability to detect particular forms of
degradation, accessability and rate of degradation relative to inspection periods.

The applied factors allow for detection of active degradation mechanisms. These range
from identified degradation (0.5) to no inspection possible (1.0). Benefit is claimed for
structures which are regularly inspected or monitored.

4. REPAIR / MITIGATION

Any option for repair or mitigation requires the cause of degradation to have been
detected.

If the component classification is being carried out only for safety assessment purposes it
is generally not appropriate to include a factor for repair potential directly in the ranking.
Historical repairs or regular maintenance to a structure (either complete or temporary)
should be evident from plant history data, and its influence on both the likelihood of
degradation and its structural significance should be accounted for in the assessment.

However, there are also components for which measures to mitigate the effects of ageing
are built into the design. An example would be ungrouted prestressing tendons which may
be re-stressed as required. In such a case an additional factor to allow for mitigation may
be used; a value of 0.8 is suggested.

Other mitigating factors may also be introduced at this stage, if appropriate.



5. RANKING STRUCTURES

The assessment provides rankings for each degradation mechanism associated with the
individual sub-elements of a structure. It is important not to lose sight of any particularly
significant mechanisms as this may guide the detailed requirements of future inspection
requirements. These peak values should be highlighted if they exceed a given value (an
appropriate value would be determined following a trial application of the method).

Sub-elements were defined on the basis of either structural components or detailed regions
performing specific safety or structural functions. The highest of the values for structural
components represent the weakest link in the structure's safety, and is thus considered the
most appropriate value to use for ranking structures. Again, averaging of the top three
values may be used to achieve limited smoothing.

6. CONCLUSION

In this paper, a conceptual framework for classifying civil structures and significant ageing
mechanisms is described. This provides a systematic approach to making quantitative
assessments of the likelihood and significance of potential degradation mechanisms. It
forms a consistent framework and a logical basis for prioritising inspection and
maintenance schedules to meet regulatory requirements.

REFERENCES

1. HOOKHAM C J, 'Structural aging assessment methodology for concrete structures in
nuclear power plants', ORNL/NRC/LTR-90/17, (1991)

2. IAEA, 'Safety functions and component classification for BWR, PWR and PTR",
IAEA Safety Guide 50-SG-D, (1989)



PRESCREENING

Preliminary plant categorisation and visual inspection
to reduce the extent of detailed study

SUB-ELEMENT DEFINITION

Based on structural components
or specific safety functions

DEGRADATION CLASSIFICATION

Likelihood & significance of degradation
assessed for individual sub-elements

See Figure 2 for details

SUB-ELEMENT RANKING

Top three degradation mechanisms averaged
gives the overall sub-element value.

Peak degradation mechanisms are highlighted.

STRUCTURAL RANKING

Top three structural sub-elements averaged
gives the overall structure value

Peak sub-elements arc highlighted

APPLICATION

Use overall values for structures as logical basis
for prioritising inspection & maintenance.

Peak values highlight specific issues
which may be usefully addressed

Figure 1 Proposed method for structure classification
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Figure 2 Proposed method for degradation mechanism classification


